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SUMMARY: The disbondment of protective organic coatings is a widely reported pipeline coating failure 
mode in the oil and gas industry. Traditional methods of evaluating cathodic disbondment of pipeline 
coatings are based on visual inspection of pipeline conditions, and laboratory testing of cathodic disbondment 
resistance (CDR) using standard methods such as ASTM G8. Although some other laboratory-based 
techniques, such as scanning kelvin probe and scanning acoustic microscopy have been used to study the 
cathodic disbondment (CD) of coatings, these are often difficult to apply in practical testing. Over the past 
decade, electrochemical impedance spectroscopy (EIS) has been employed as a potential method for 
measuring CD. This paper reports preliminary results from an EIS study designed to characterise CD 
behaviour of epoxy coatings under excessive cathodic protection. EIS data correlated well with the area of 
disbonded coating. Analysis of EIS data can provide valuable information on the initiation and rates of CD. 
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1. INTRODUCTION 
Cathodic disbondment is a mode of coating failure that frequently occurs in underground metal structures such as oil and gas 
pipelines, which are protected by organic coatings in conjunction with cathodic protection. It is generally believed that cathodic 
disbondment of pipeline coatings is due to a strong alkaline environment at the defects in the coating that damages bonding 
between coating and metal surface (Leidheiser et al., 1983; Naderi and Attar, 2010). Currently, cathodic disbondment resistance 
(CDR) of pipeline coatings is measured using standard laboratory testing such as ASTM G8. Based on this standard method, 
coated metal with an artificial defect is over-polarized  
(e.g. -1.5 V vs Cu/CuSO4 reference electrode) and kept exposed to an electrolyte for a specific duration (usually 28 days). The area 
of coating disbondment is estimated by visual inspection of the metal surface after mechanically lifting the coating. This method is 
a destructive technique and cannot be used to perform in-situ measurement of the disbondment of pipeline coatings, or to predict 
the long-term disbondment behavior of coatings. 
Measuring and monitoring the initiation and growth of cathodic disbondment require in-situ techniques that are able to measure 
and monitor dynamic localised changes of parameters associated with the disbondment of coatings. The advent of advanced 
microscopic and scanning probe techniques, such as the scanning kelvin probe technique, has facilitated substantial research aimed 
at measuring localised coating disbondment occurring at the interface between coating and the metal surface; however these 
scanning probes are laboratory based. They are often difficult to be applied in practical testing because they require the scanning of 
a corroding surface by positioning micro-sized sensors extremely close to the surface (e.g. 100 µm). Moreover, techniques such as 
scanning kelvin probe and scanning acoustic microscopy have limitations in measuring cathodic disbondment of high thickness 
pipeline coatings (Bi and Sykes, 2011; Fu and Cheng, 2009). For instance, at typically used frequencies (0.1-1 GHz) the scanning 
acoustic microscopy can only achieve a penetration depth of hitting sound in polymer coatings of approximately 100 µm. 
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Therefore, the application of scanning acoustic microscopy for measuring coatings is limited to low thickness coating systems 
(Alig et al., 2009). 
 
Electrochemical impedance spectroscopy (EIS) has been used for decades for studying the degradation of organic coatings by 
quantitatively measuring the resistance and capacitance of coated electrodes in an electrochemical cell (Kendig and Scully, 1990; 
McIntyre and Pham, 1996). For organic coatings, the capacitance measurement is considered to correlate with the water absorption, 
or swelling of the coating, while the polarization resistance is believed to be related to the rate of corrosion of the metallic substrate 
beneath the organic coating. The interpretation of experimental EIS data is usually carried out by means of an appropriate 
equivalent circuit, which compiles system specific elements relevant to the corrosion performance of organic coatings. Many 
equivalent circuits have been proposed to interpret the impedance behavior of coated metals. A simple equivalent circuit that is 
commonly used to describe a degraded organic coating on a metallic substrate is shown in Figure 1 (Mansfeld, 1995). This circuit 
is composed of the uncompensated resistance between reference electrode and working electrode (Ru) followed by the coating 
capacitance (Cc) in parallel with the coating or pore resistance (Rpo), and finally double layer capacitance (Cdl) and charge transfer 








Figure 1. General equivalent circuit for coated metals (Mansfeld, 1995)  
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ch, represents the area specific magnitudes of parameters for bare 
metal. These relationships have been used widely to determine the coating disbondment independent of the state of porosity of the 
coating (Harvey and Scully, 1991; Mccluney et al., 1992).  
Some other equivalent circuits have been proposed to interpret the impedance behavior of degraded coatings with pores and 
fissures. One example is shown in Figure 2, which is used to fit EIS data for coatings without any artificial defects but with general 
pores assumed to be present in the coating. In this model, a parallel circuit for coating pores is combined with the circuit for a pore-
free coated steel shown in Figure 1. In this model, Rsol is the solution resistance, Cf and Rf are the electric capacitance and ionic 
resistance of the coating, respectively, Cdl and Rc represent the double-layer capacitance and the charge transfer resistance at the 
substrate/coating interface, respectively, and Zw represents the Warburg impedance. For the second part of the circuit, RP represents 
the total resistance for ionic migration through the pores and Cdlp and Rcp are the total double-layer capacitance and the total charge 
transfer resistance at substrate/solution interface at the bottom of the pores. Although there may be many pores on coated steels, in 
this model they are represented by a single pore, having the total cross sectional area of all of the pores. Through a series of 
complex equations, the disbonded area under the coatings (S) can be calculated according to the following equation: 




p)                                                                   (3) 
where f4 is the second-lower frequency breakpoint of Bode diagram, S is the disbonded area under the coating, Sp is the interface 




p indicate the magnitude of the respective parameters per unit area. It is worth 
mentioning that using break point frequency to evaluate coating disbondment is only applicable when more than one time constant 
could be detected in Bode or phase angle plots, which means this model is most applicable in advanced stages of coating 
degradation.  







   
 
Figure 2. Equivalent circuit for degraded coated metal with pores proposed by Hirayama and Haruyama (1991) 
 
EIS has been employed to estimate the cathodic disbondment of coatings under natural open circuit exposure conditions (Westing 
and Ferrari, 1993; Amirudin and Thierry, Kendig and Scully, 1990; Lee et al., 2013). Attempts have also been made to use EIS for 
studying the cathodic disbondment of thick coatings (Kendig et al, 1994; Margarit et al., 2001; Papavinasam et al., 2009). For 
instance, Kendig et al. (1994) used EIS to study the disbondment of fusion bonded epoxy (FBE) of 350 µm thickness with an 
inserted artificial defect of 6 mm diameter. Samples were exposed to a cathodic potential of -1.44 V versus saturated calomel 
electrode (SCE) for four days. EIS measurements were carried out at open circuit potential immediately after stopping the cathodic 
polarization voltage and they revealed that the measured impedance did not correlate with the disbonded area. Papavinasam et al. 
(2009) also evaluated the cathodic disbondment behavior of various types of pipeline coatings with different thickness (up to 8 mm 
thickness) using EIS. Impedance was measured at open circuit potential after exposing the samples to a potential of -0.93 VSCE. 
They also concluded that no correlation was found between EIS parameters and disbondment area. These results may suggest that 
cathodic disbondment cannot be measured at open circuit potential. 
Kendig et al. (1994) proposed a circuit specifically for a disbonded coating (Figure 3). They believe that once disbonding 
commences and the coating/metal interface undergoes hydration and corrosion, cathodic disbonding would proceed from the 
defect. If the ohmic resistance under the film (Rsi) is relatively large due to a small gap defining the disbondment, then the result 










Figure 3.  Equivalent circuit for disbonded coating with relative high ohmic resistance under film proposed by Kendig et al. (1994) 
Corrosion & Prevention 2014 Paper 77 - Page 4 
On the other hand, when the gap defining the disbondment becomes large and thus the Rsi values become sufficiently small, the 









Figure 4. Equivalent circuit for disbonded coating with relative small ohmic resistance under film proposed by Kendig et al. (1994)  
 
It should be noted that EIS measurements described above were carried out under open-circuit potential, not under cathodic 
protection potential. The only published EIS data measured under cathodic protection potential was by Margarit et al. (2001) who 
studied the impedance behavior of steel electrodes coated with fusion bonded epoxy (500 µm), low density polyethylene (3000 
µm) and coal tar (3000 µm) with defects of 6 mm diameter. After exposing the sample to a cathodic potential (-0.85, -1, -1.2 and -
1.5 V vs SCE) impedance measurements were performed under the same cathodic potentials. Although the authors asserted that a 
decrease in the impedance values during exposure time was attributable to the coating disbondment, no quantitative relationship 
between the delaminated area and the electrochemical parameters was established. Raghunathan (1997), in a dissertation, reported 
the results of EIS measurement for prediction of disbondment behavior of fusion bonded epoxy. Steel-coated samples with 350 µm 
thickness, and with an artificial defect, were maintained under a cathodic potential of -3 V versus SCE at 65 ºC for 30 days. 
According to this work, double layer capacitance values derived from EIS data (collected at -1.5 V versus SCE) increased with 
time during initial days of exposure; however, a drop or plateau behavior was observed afterwards.  
The in-situ measurement of the cathodic disbondment of thick coatings using EIS under cathodic protection has not been 
successful to date and no quantitative relationship has been identified between electrochemical parameters and coating 
disbondment behaviour. In this work, EIS was employed to study the cathodic disbondment behavior of a 1000 µm epoxy coating 
with an artificial defect under an excessive cathodic protection potential. 
 
2. EXPERIMENTAL 
Two parts clear epoxy coating consisting of Bisphenol A resin (Araldite GY 250) and polyamine hardener (Aradur 2965) were 
mixed in a 2/1 ratio and used as clear coatings in this work. Steel plates (API X65) were sand blasted and coated with the clear 
epoxy coating. Samples were kept at room temperature for two weeks before being used for testing. The dry film thickness of 
coating was measured 1000±40 µm using a digital thickness gauge (Elcometer 456). An artificial defect with 6 mm diameter (0.28 
cm
2
) was created in the coated sample using a flat-ended drill bit according to AS4352, in order to provide the conditions for the 
cathodic disbondment test. A coated sample with epoxy of 300±20 µm thickness, and without the creation of a defect, was 
prepared as a reference sample. As shown in Figure 5, polypropylene cylinders of 8 cm diameter and 10 cm height were used as 
test cells to contain testing solutions for exposing 28 cm
2
 of coated samples. Constant current of -3±0.02 mA was applied to the 
test cell filled with electrolyte (3 wt. % NaCl aqueous solution), using a power supply through a platinum anode inserted in a 
sodium chloride salt bridge. Samples were kept at room temperature under cathodic protection for 28 days. 
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For the impedance measurements, a cathodic potential of -1.40 V versus Ag/AgCl was initially applied using a potentiostat (VSP 
Bio Logic). Once a constant rate of current was achieved, the impedance was measured whilst a potential of -1.40 V versus 
Ag/AgCl reference electrode was applied, with a 20 mV peak to peak sign wave modulation between1 MHz and 100 mHz (Figure 









Figure 5. Test cells (CP application and EIS measurement) 
 
Before each EIS measurement surface photography was done to visually record the disbonded area. The disbonded area was 
measured using Digimizer software (V 4.1.1.0) and were confirmed by X-Ray photoelectron spectroscopy (XPS) since XPS 
showed that Sodium and Chloride species existed inside the disbonded ‘halo’ areas while no Sodium or Chloride was detected 
outside the halo.  
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3. RESULTS AND DISCUSSION 
Figure 6 shows the appearance of epoxy coated sample with 1000 µm thickness and 0.28 cm
2
 defect size in the coating after 
different periods of exposure to the testing solution under -1.4 V vs. Ag/AgCl cathodic protection potential. The disbonded area 
(DA) calculated by the software is shown in the images. The growth of the circular halo around the defect with time implies an 




Figure 6. Appearance of steel sample coated with 1000 µm epoxy with defect after different periods of exposure to solution under 
CP (disbonded area measurement error was around 8%) 
 
Figure 7a, b and c show the Nyquist, Bode and phase angle diagrams obtained from the sample over different exposure periods. 
The graphs clearly show a decrease in the impedance values by increasing the exposure time. Figure 8a shows EIS date from bare 
X65 steel electrode (as a reference), under cathodic polarisation potential of  
-1.4 VAg/AgCl for one week. From these graphs, it can be seen that the impedance values increased with increased exposure time. It 
was observed that a light grey layer was formed on the bare steel surface that could be due to the formation of some form of 
protective deposit under this high pH cathodic protection condition. The data suggests that the decrease in impedance shown in 
Figure 7 was most likely due to the disbondment of the coating that lead to an increase of the surface area of bare metal exposed to 
solution. Also, as expected, the time dependent decrease of the impedance for the coated metal containing a coating defect is 
similar to coated metal without a defect under -1.4 VAg/AgCl (Figure 8.b). Epoxy coating in case of coated metal without defect 
(300 µm) was significantly delaminated from the metal surface after 20 days exposure (Figure 8.b).  
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Figure 7. (a) Nyquist, (b) Bode and (c) Phase angle diagrams for coated steel with 1000 µm epoxy containing coating defect 
collected under -1.4 VAg/AgCl 
 



















Figure 8. The Nyquist diagrams for (a) bare steel (0.28 cm
2
) during 7 days exposure under -1.4 VAg/AgCL and for (b) coated steel 
with 300 µm epoxy without defect under -1.4 VAg/AgCl after 5, 15 and 20 days. 
 
For EIS data fitting, the specific equivalent circuit previously used for disbonded coatings was employed (Figure 9). In this circuit, 
Ru is the uncompensated resistance between the references and working electrode (coated steel) and Cc is the coating capacitance. 
Also, the assumption is that Rd represents the resistance of the defect, and, later by initiation and propagation of coating 
disbondment, Rs(i) values should be considered which represent the ohmic resistance under the disbonded coating for different 
locations. Rp(i) and Cdl(i) are respectively the polarization resistance and double layer capacitance corresponding to base metal at 
















Figure 9. Equivalent circuit used for EIS data fitting 
From the collected impedance values it is clear that, for this type of coating, the ohmic resistance (Rsi) under the disbonded coating 
is sufficiently low, such that the transmission line model circuit (Figure 9) could be combined to simplify the model circuit. In this 
case, only the first part of circuit (Kendig, 1994) is used. From the results thus far, with increasing time we observed an increase in 
disbonded area as measured by a decrease in Rp and Rd, while Cdl increased with time. The same behaviour of these elements has 
also been reported in previous reports (Mansfeld, 1995; Scantlebury and Galic, 1997). Uncompensated resistance (which is the 
resistance between reference electrode and working electrode) also decreased with increasing areas of coating disbondment, which 
could be related to an increase in the surface area of the electrode at metal/coating interface. The results of data analysis for 
significant elements and also the relationship of derived elements with disbonded area and time are shown in Table 1, Figure 10 
and Figure 11. 
 
Table 1. EIS parameters for coated steel with 1000 µm epoxy containing coating defect collected under -1.4 VAg/AgCl in 
different periods of exposure 
Time 
(day) 
Ru (Ω) Error 
(%) 
Rd (Ω) Error 
(%) 
Rp (Ω) Error 
(%) 
Cdl  (F)  Error 
(%) 
1 27.46 1.02 17.19 2.47 9.58 4.14 2.05E-4 5.62 
5      23.10   0.89 16.65     1.53 7.63 4.27 3.22E-4 4.18 
15 21.01 1.12 10.38 0.98 5.10 3.09 3.87E-4 3.17 
25 15.95 0.66 9.49 2.33 4.21 4.60 5.00E-4 4.52 
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Figure 10. . Resistance values (from EIS data fitting) and disbonded area (measured by software) against exposure time for coated 
steel with 1000 µm epoxy containing coating defect collected under -1.4 VAg/AgCl 
 
Figure 11. Double layer capacitance (from EIS data fitting) and disbonded area (measured by software) against exposure time 
coated steel with 1000 µm epoxy containing coating defect collected under -1.4 VAg/AgCl 
 
4. CONCLUSIONS 
 It is possible to perform EIS testing as a measure of coating disbondment under cathodic protection. 
 Elements of the fitting equivalent circuit based on a simplified transmission model suggest a promising relationship with 
the disbonded area. In particular, the results revealed that charge transfer resistance, double layer capacitance, resistance at 
the defect and uncompensated resistance are correlated with disbondment area. 
 Preliminary results from this work in laboratory scale, suggest that EIS is a potential technique for in-situ measurement of 
cathodic disbondment of pipeline coatings in field and under real conditions.  
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